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ABSTRACT: Two poly(styrene-b-hydrogenated isoprene) (PS-PEP) copolymers and a poly(styrene-b-hydrogenated
butadiene) (PS-PB) diblock copolymer of differing polystyrene content (20, 28 or 35 mol %) and molecular weight (117−
183 kg mol−1) are examined. These copolymers form star-like micelles in n-dodecane, as judged by TEM, DLS, and SAXS
studies. At ambient temperature, such micelles are known to adsorb intact onto a model colloidal substrate such as carbon black,
conferring a high degree of dispersion (Growney, D. J.; Mykhaylyk, O. O.; Armes, S. P. Langmuir 2014, 30, 6047). Isotherms for
micellar adsorption on carbon black at 20 °C are constructed using a supernatant depletion assay based on UV spectroscopy by
utilizing the aromatic chromophore in the polystyrene block. Perhaps surprisingly, the diblock copolymer with the lowest
polystyrene content has the strongest affinity for the carbon black particles. Assuming that the star-like diblock copolymer
micelles adsorb onto carbon black to form hemi-micelles with a stabilizer layer thickness equal to the mean micelle radius, the
effective particle density of the resulting sterically stabilized carbon black particles in n-dodecane can be estimated from the SAXS
micelle dimensions based on geometric considerations. As an approximation, a spherical core−shell morphology was assumed,
and the primary grain size of the carbon black particles was determined to be 74 nm diameter as judged by BET surface area
analysis. Using this approach, effective particle densities of 0.90, 0.91, and 0.92 g cm−3 were calculated for sterically stabilized
carbon black particles prepared using the PS-PB20, PS-PEP28, and PS-PEP35 diblock copolymers, respectively. These densities
are significantly lower than that of carbon black (1.89 g cm−3), which indicates that the sterically stabilized carbon black particles
are substantially solvated. Since the rate of sedimentation of the sterically stabilized carbon black particles depends on the density
difference between the effective particle density and that of n-dodecane (0.75 g cm−3), particle size analysis via analytical
centrifugation incurs large sizing errors unless the above corrected effective particle densities are utilized. This is important
because analytical centrifugation is a highly convenient technique for assessing the relative degree of dispersion of sterically
stabilized carbon black particles, which are utilized to inkjet inks and coatings formulations.

■ INTRODUCTION

The formation of colloidal aggregates on dissolution of an AB
diblock copolymer in a solvent that is selective for one of the
two blocks was first reported more than 50 years ago.1,2 If the
volume fraction of the soluble block is significantly greater than
that of the insoluble block, then so-called “star-like” spherical
micelles are formed in solution.3−6 On the other hand, if the
volume fraction of the soluble block is appreciably less than that
of the insoluble block, then so-called “crew-cut” micelles can be
obtained.7−10 There are many papers describing the micellar

self-assembly of wholly hydrophobic AB diblock copolymers in
organic solvents.3,11−15 In particular, polystyrene-based AB
diblock copolymers that form polystyrene-core micelles in non-
polar solvents such as n-alkanes are well documented.16−23

These diblock copolymers can be readily prepared using
classical anionic polymerization,24,25 with the soluble block
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typically being based on either polybutadiene, polyisoprene, or
their hydrogenated derivatives.17−19,26−30

The adsorption of diblock copolymer micelles onto colloidal
particles is well known.31−36 For example, we recently reported
that a commercial poly(styrene-b-hydrogenated isoprene)
diblock copolymer adsorbs onto carbon black in the form of
micelles from n-heptane, but as individual copolymer chains
from chloroform (which is a good solvent for both blocks).37 In
related work, the adsorption of a star diblock copolymer onto
the same carbon black particles revealed an interesting
concentration-dependent flocculation/dispersion boundary, in
which bridging flocculation was observed at low copolymer
concentration but steric stabilization occurred at high
copolymer concentration.38 In both cases, carbon black was
selected as a colloidal substrate for such studies because this
material has been shown to be a convenient mimic for diesel
soot particles.36,39 The latter are formed during incomplete fuel
combustion in diesel engines and are known to lead to long-
term engine wear and reduced fuel economy.40−42 Thus,
suitable oil-soluble block copolymers that can minimize diesel
soot formation and/or aid its dispersion on the nanometer scale
are routinely added to engine oil formulations to address this
problem and hence improve performance. In addition, sterically
stabilized carbon black particles are widely used in inkjet
formulations43,44 and also as coatings.45 Each of these
applications requires fine control over the degree of dispersion
of the carbon black particles, which is best assessed by
determining accurate particle size distributions.
In the present study, we have investigated three polystyrene-

based diblock copolymers of differing copolymer compositions
and molecular weights. Their micellar self-assembly behavior in
n-dodecane is examined, and the adsorption of these micelles
onto carbon black particles dispersed in this solvent is studied
at 20 °C.
The effective densities of the resulting sterically stabilized

carbon black particles are calculated from geometric consid-
erations, assuming (i) a spherical core−shell morphology and
(ii) that the star-like diblock copolymer micelles form hemi-
micelles on the carbon black surface. Since the micelle layer
thickness is relatively large compared to the primary grain size
of the carbon black particles, such effective densities are
significantly lower than that of carbon black alone. Thus, this
approach is essential to determine accurate particle size
distributions via analytical centrifugation, since otherwise
substantial experimental errors are incurred. Analytical
centrifugation is preferred to traditional particle sizing
techniques such as dynamic light scattering. This is because
fractionation occurs during the measurement, which leads to
significantly higher resolution. In view of this advantage, the
former technique has been utilized for the characterization of a
wide range of colloidal dispersions.46−55 Reliable particle size
distributions can be obtained provided that the density of the
particles and the continuous phase are known. Analytical
centrifugation is particularly effective and convenient for hard
spheres such as gold sols54,56 but can also offer useful
information for other colloidal particles. For example, this
technique has been used to characterize polymer−silica
nanocomposite particles with framboidal morphologies,57,58

sterically stabilized latexes,59,60 protein-coated particles,61,62

core−shell latexes, emulsions,63 and various organic/inorganic
nanoparticles.64−69

■ EXPERIMENTAL SECTION
Materials. The three commercial polystyrene-based diblock

copolymers used in this work were supplied by BP Formulated
Products Technology (Pangbourne, U.K.). Such diblock copolymers
can be prepared by living anionic polymerization of styrene with either
butadiene or isoprene followed by catalytic hydrogenation using
nickel-based catalysts.36 This usually ensures well-defined diblock
copolymers with minimal homopolymer contamination and relatively
narrow molecular weight distributions.25 Chloroform and n-dodecane
solvents were obtained from Fisher Scientific UK Ltd. and were used
as received. Deuterated chloroform for NMR studies was obtained
from Goss Scientific Ltd., U.K. and was used as received. The carbon
black (Regal 250R grade) was supplied by the Cabot Corporation
(Billerica, MA, USA) and was used as received.

Gel Permeation Chromatography. The molecular weight
distribution of the three diblock copolymers was assessed by gel
permeation chromatography (GPC) using THF eluent. The THF
GPC setup comprised two 5 μm “Mixed C” 30 cm columns, a Varian
290-LC pump, and a WellChrom K-2301 refractive index detector
operating at 950 ± 30 nm. The THF mobile phase contained 2.0 v/v%
triethylamine and 0.05 w/v% butylhydroxytoluene (BHT), and the
flow rate was fixed at 1.0 mL min−1. A series of ten near-monodisperse
polystyrene standards (Mn = 580 to 552 500 g mol−1) were used for
calibration.

Dynamic Light Scattering (DLS). Temperature-dependent
studies were performed using a Malvern Zetasizer NanoZS model
ZEN 3600 instrument equipped with a Peltier cell and a 4 mW
He−Ne solid-state laser operating at 633 nm at a fixed scattering angle
of 173°. Copolymers were diluted in n-dodecane (0.01% w/w) and
equilibrated for 5 min at 5 °C intervals in a 25−90−25 °C thermal
cycle. The intensity-average diameter and polydispersity of the diblock
copolymer star-like micelles were calculated at a given temperature by
cumulants analysis of the experimental correlation function using
Dispersion Technology Software version 6.20. Data were averaged
over 13 runs, each of 30 s duration.

Transmission Electron Microscopy. Studies were conducted
using a Phillips CM100 microscope operating at 100 kV on unstained
samples prepared by drying a drop of dilute sample (approximately
0.01% w/w) on a carbon-coated copper grid.

Small-Angle X-ray Scattering. SAXS patterns were obtained for
1.0% w/w copolymer dispersions using a modified Bruker AXS
Nanostar instrument (camera length = 1.46 m, Cu Kα radiation)
equipped with a 2D HiSTAR multiwire gas detector. SAXS patterns
were recorded over a q range of 0.008 Å −1 < q < 0.16 Å−1, where q =
(4π/λ)·sinθ) is the length of the scattering vector and θ is half of the
scattering angle. A glass capillary of 2 mm path length was used as a
sample holder, and an exposure time of 2.0 h was utilized for each
sample.

1H NMR Spectroscopy. The mean polystyrene content of each
diblock copolymer dissolved in a non-selective solvent (CDCl3) was
determined using a Bruker AV1-250 MHz NMR spectrometer (64
scans per spectrum). Variable-temperature spectra were recorded
between 25 and 110 °C using d26-dodecane with a Bruker AV1-400
MHz NMR spectrometer (32 scans per spectrum).

Helium Pycnometry. The solid-state density of Regal 250R
carbon black was determined using a Micrometrics AccuPyc 1330
helium pycnometer at 20 °C.

Surface Area Analysis. BET surface area measurements were
performed using a Quantachrome Nova 1000e instrument with
dinitrogen gas (mean area per molecule = 16.2 Å2) as an adsorbate at
77 K. Samples were degassed under vacuum at 100 °C for at least 15 h
prior to analysis. The particle diameter, d, was calculated using the
formula d = 6/(ρAs), where As is the BET specific surface area in m2

g−1 and ρ is the carbon black density in g m−3 obtained from helium
pycnometry.

UV Spectroscopy. UV spectra were recorded at 20 °C for the
diblock copolymers dissolved in 1:1 chloroform/n-dodecane mixtures
(i.e., the n-dodecane supernatant was diluted with an equal volume of
chloroform) using a PerkinElmer Lambda 25 instrument operating
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between 200 and 500 nm. A calibration curve was constructed for the
same copolymer dissolved in pure chloroform and gave a molar
extinction coefficient of 222 ± 2 mol−1 dm3 cm−1, which is close to the
literature value reported for polystyrene.70 In order to determine the
extent of copolymer adsorption onto carbon black via a supernatant
depletion assay using UV spectroscopy, the following protocol was
adopted. The desired mass of diblock copolymer (3.0−90.0 mg) was
weighed into a glass vial, and carbon black (300.0 mg) was weighed
into a separate vial. Then n-dodecane (5.00 mL) was added to the
diblock copolymer, and this suspension was stirred at 20 °C (Turrax
stirrer, 1 min) before being held at 110 °C for 1 h. The resulting
copolymer micelle dispersion was added to the preweighed carbon
black, stirred (Turrax stirrer, 1 min), sonicated for 1 h, and left on a
roller mill for 16 h overnight. The dispersion was then centrifuged for
4 h at 18 000 rpm in a centrifuge rotor which was precooled to 15 °C
so as to minimize solvent evaporation. Taking care not to disturb the
sedimented carbon black particles, the supernatant was decanted into
an empty vial and then 0.40 mL of this solution was diluted with an
equal volume of pure chloroform to ensure molecular dissolution of
the copolymer chains prior to analysis by UV spectroscopy. The
aromatic chromophore at 262 nm due to the polystyrene block was
used to quantify the copolymer concentration remaining in the
supernatant after exposure to the carbon black using the Beer−
Lambert linear calibration curve described above, thus enabling the
adsorbed amount to be determined by difference.
Analytical Centrifugation. The LUMiSizer (LUM GmbH, Berlin,

Germany) is a microprocessor-controlled analytical photocentrifuge
that is particularly convenient for the analysis of the sterically stabilized
carbon black dispersions described in this work. This instrument
employs STEP technology (space- and time-resolved extinction
profiles) to enable the measurement of the intensity of transmitted
light as a function of time and position simultaneously over the entire
cell length. The progression of the transmission profiles contains
information on the rate of sedimentation and therefore allows
calculation of the particle size distribution.63

Measurements were conducted at 20 °C on 1.0% w/w carbon black
dispersions in n-dodecane at 3000 rpm using disposable polyamide
cells (path length = 2 mm). The theoretical effective particle density of
the sterically stabilized carbon black particles was calculated from
geometric considerations (see later), and constant position analysis
was used to determine volume-average particle diameters.

■ RESULTS AND DISCUSSION

Copolymer Characterization. The three commercial
diblock copolymers used in this work are denoted by the
sample codes indicated in Table 1. Polystyrene contents were
determined to be 20, 28, and 35 mol % for PS-PB20, PS-
PEP28, and PS-PEP35, respectively, using 1H NMR spectros-
copy in CDCl3 at 20 °C (Figure S1 and Table 1). Each
copolymer had a relatively narrow molecular weight distribu-
tion (Mw/Mn < 1.10) as judged by THF GPC analysis using a
series of near mono-disperse polystyrene calibration standards.
Unfortunately, each copolymer differs in terms of its copolymer

molecular weight and block composition, which makes it
impossible to examine the effect of either of these parameters in
isolation. Nevertheless, an appropriate consideration of these
three copolymers sheds useful light on their performance as
dispersants for carbon black particles in non-polar media (see
later).

Copolymer Self-Assembly. Micellization of the PS-PEP28
diblock copolymer has been extensively discussed elsewhere.37

When dissolved directly in n-dodecane at 20 °C, ill-defined
colloidal aggregates are obtained because the insoluble glassy
polystyrene block prevents the efficient break-up of the original
solid-state morphology of this copolymer. However, heating
these aggregates to 110 °C for 1 h followed by cooling to 20 °C
produces small, well-defined polystyrene-core micelles.37 This
morphological transformation is confirmed by transmission
electron microscopy (TEM) studies of each of the three
diblock copolymers before and after the 20−110−20 °C
thermal cycle (Figure 1). Variable-temperature dynamic light
scattering (DLS) was also used to monitor this change in
copolymer morphology (Figure 2). The initial “sphere-
equivalent” diameter observed at 25 °C should be treated
with some caution since the TEM images revealed the presence
of a significant fraction of polydisperse cylinders (Figure 1). On

Table 1. Summary of Copolymer Sample Codes, Copolymer Compositions, Molecular Weight Data, and Micelle Diameters for
the Three Diblock Copolymers Used in This Work

micelle diameter/nmc

copolymer id copolymer description
polystyrene

content/mol %a Mn/kg mol−1b Mw/kg mol−1b Mw/Mn
b TEM SAXS DLS

PS-PB20 poly(styrene-b-hydrogenated butadiene) 20 183 198 1.08 24 71 88
PS-PEP28 poly(styrene-b-hydrogenated isoprene) 28 117 121 1.04 24 68 85
PS-PEP35 poly(styrene-b-hydrogenated isoprene) 35 163 177 1.08 27 65 89

aDetermined by 1H NMR spectroscopy studies conducted in CDCl3.
bDetermined by gel permeation chromatography (refractive index detector,

THF eluent, calibration using a series of near mono-disperse polystyrene standards). cDetermined at 20 °C after heating the initial copolymer
dispersion in n-dodecane to 110 °C for 1 h. TEM “sees” only the micelle cores, whereas SAXS and DLS report the micelle cores plus the solvated
micelle coronas.

Figure 1. TEM images recorded for colloidal aggregates formed by the
three linear polystyrene-based diblock copolymers used in this study.
Images a−c show the relatively large, ill-defined non-equilibrium
aggregates formed via direct dispersion at 20 °C in n-dodecane. In
contrast, images d−f show the much smaller, well-defined equilibrium
spherical micelles formed at 20 °C on heating this initial dispersion to
110 °C for 1 h in n-dodecane.
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heating to 75 °C, the mean particle dimensions were
dramatically reduced; this is consistent with the corresponding
TEM images and indicates the formation of well-defined
spherical micelles. It seems likely that the original cylinders are
converted into spheres via a “budding” process since the
intensity-average diameter of the small micelles is roughly
comparable to the mean width of the original cylinders
indicated by TEM (Figure 1). Similar observations were
recently reported by Fielding et al.,12 who observed a worm-to-
sphere transition for poly(lauryl methacrylate)-poly(benzyl
methacrylate) diblock copolymers on heating to above 90 °C
in n-dodecane (as judged by TEM).
The three copolymers examined in this study form well-

defined star-like micelles21 with relatively constant core

diameters of 24 to 27 nm, as judged by TEM (Table 1).
After appropriate thermal treatment, DLS studies indicate
overall micelle diameters of 85−89 nm. It is emphasized that
TEM reports only the core diameter for the dried micelles,
while SAXS and DLS report the overall hydrodynamic diameter
of the solvated micelles (i.e., the micelle core plus the micelle
corona). SAXS also provides additional structural information,
which will be discussed later. To gain further insight into the
mechanism of break-up of the ill-defined non-equilibrium
aggregates and the subsequent formation of well-defined
equilibrium micelles, variable-temperature 1H NMR studies
were conducted in d26-dodecane. Figure 3 shows the partial 1H

NMR spectra recorded for PS-PB20 and PS-PEP35 copolymer
dispersions in d26-dodecane on heating to 110 °C followed by
cooling to 25 °C. Initially, no 1H NMR signals were observed
between 25 and 65 °C. In contrast, broad aromatic signals
characteristic of the core-forming PS block are observed in the
75 to 110 °C range, which subsequently disappeared on cooling
back to 25 °C. Similar observations were recently reported for
the PS-PEP28 copolymer by Growney et al.37

These spectroscopic observations suggest gradual solvent
ingress within the micelle cores.71 Such plasticization leads to a
much lower effective Tg for the core-forming PS chains, which
become increasingly mobile at elevated temperature. It is
noteworthy that, if the apparent polystyrene contents in d26-
dodecane are compared to the actual polystyrene contents
determined in CDCl3 (which is a good solvent for both blocks),
then the degree of solvation of the polystyrene block is never
more than approximately 50−60% (Figure 3 and Figure S1).
Such 1H NMR spectra are therefore consistent with solvent-
swollen micelle cores rather than molecularly-dissolved
copolymer chains.

SAXS Studies of Copolymer Micelles. The star-like
micelle model used to fit the three SAXS patterns shown in
Figure 4 has been reported previously;37 full details can be
found in the Supporting Information. This model produced
good fits to the SAXS patterns obtained for the PS-PB20, PS-
PEP28, and PS-PEP35 diblock copolymer micelles formed in n-
dodecane after thermal cycling (Figure 4 and Table S1).

Figure 2. Variation in DLS intensity-average diameter observed for (a)
PS-PB20, (b) PS-PEP28, and (c) PS-PEP35 diblock copolymer
aggregates dispersed directly in n-dodecane at 25 °C, followed by
heating to 90 °C (blue points) and cooling to 25 °C (red points). In
each case this thermal cycle breaks up the initial large, ill-defined non-
equilibrium aggregates and produces small, well-defined equilibrium
micelles.

Figure 3. Partial 1H NMR spectra recorded for (a) PS-PB20 and (b)
PS-PEP35 in d26-dodecane on heating from 25 to 110 °C followed by
cooling to 25 °C. The appearance of aromatic signals at 6.5−7.0 ppm
is attributed to increasing solvation of the polystyrene chains within
the micelle cores at higher temperatures. Apparent polystyrene
contents (mol %) are indicated on the right-hand side of each
spectrum. The equivalent variable-temperature NMR study for PS-
PEP28 in d26-dodecane (and d16-heptane) under the same conditions
has been previously reported by Growney et al.37
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Detailed SAXS analysis indicated a relatively low volume
fraction of the n-dodecane solvent within the micelle cores (xsol
≈ 0.10). Similar values have been reported by Pedersen et al.
for a related diblock copolymer system.72 This relatively low
solvent volume fraction is consistent with the fact that n-
dodecane is a non-solvent for polystyrene at 20 °C. Moreover,
the star-like micelle model also indicated mean radii for the PS
core (Rs) of 9.3 nm (PS-PB20), 8.9 nm (PS-PEP28), and 9.1
nm (PS-PEP35). The PB (or PEP) corona thicknesses (s) were
found to be 26.4 nm (PS-PB20), 25.1 nm (PS-PEP28), and
23.2 nm (PS-PEP35). These data give overall particle diameters
of 71 nm (PS-PB20), 68 nm (PS-PEP28), and 65 nm (PS-
PEP35) (Table 2). These dimensions are within the same size
range as those observed via DLS measurements. The largest
micelle diameter is observed for PS-PB20, which is not
unexpected given that this copolymer also has the highest
molecular weight (183 K versus 117 K for PS-PEP28 and 163 K
for PS-PEP35, see Table 1).
Carbon Black Characterization. In principle, under-

standing the adsorption of each commercial diblock copolymer
onto carbon black should provide useful physical insights
regarding their efficacy as putative diesel soot dispersants in
engine oils. In this regard, carbon black acts as a convenient
model colloidal substrate for genuine diesel soot since the latter
is prohibitively expensive.39 The physical properties of the
Regal 250R carbon black used in this work have been

previously characterized by Growney et al.:37 it has a distinctive
fractal morphology, which is typical of most carbon blacks and
also diesel engine soot.36,39,73,74 BET surface area analysis
indicated a specific surface area of 43 m2 g−1, while helium
pycnometry gave a solid-state density of 1.89 g cm−3.
Combining these values, the primary grain size for individual
carbon black particles is calculated to be approximately 74 nm.
This is in fairly good agreement with the number-average
diameter of 70 nm estimated from TEM studies, with the BET
value being considered to be more statistically robust.

Copolymer Adsorption on Carbon Black. Figure 5
shows the isotherms obtained for each diblock copolymer

adsorbed as well-defined micelles onto carbon black from n-
dodecane at 20 °C. PS-PB20 exhibited the highest affinity
isotherm with a maximum adsorbed amount, Γ, of 3.31 ± 0.16
mg m−2, whereas PS-PEP28 and PS-PEP35 had Γ values of 2.25
± 0.07 and 1.57 ± 0.06 mg m−2, respectively (as determined
from the gradients of the corresponding linear plots, see Figure
S2 in the Supporting Information). Thus, increasing the
polystyrene content of the copolymer leads to progressively
weaker adsorption. This finding was not anticipated because
Shar and co-workers36 previously reported that the polystyrene
component was essential for a strong interaction with the

Figure 4. SAXS patterns obtained for 1.0% w/w diblock copolymer
micelles in n-dodecane at 20 °C for (a) PS-PEP35, (b) PS-PEP28, and
(c) PS-PB20. In each case well-defined micelles were obtained only
after thermal annealing for 1 h at 110 °C (Figure 1). The patterns
shown in a and b are multiplied by an appropriate arbitrary coefficient
for the sake of clarity. The red lines represent fits to the SAXS data
obtained using a star-like micelle model.37,75

Table 2. Summary of Steric Stabilizer Layer Thicknesses, Equilibrium Adsorbed Amounts of Diblock Copolymer Micelles on
Carbon Black, Calculated Mass Fractions of the Carbon Black Core, Theoretical Effective Particle Densities, Density
Differences (Δρ), and Volume-Average Particle Diameters Determined via Analytical Centrifugation for 1.0% w/w Carbon
Black Dispersions at 20 °C (Using 6.0% w/w Copolymer Based on Carbon Black)a

copolymer
id

steric stabilizer layer
thickness, d, nm

adsorbed amount on
carbon black, mg m−2

mass fraction of
carbon black core

effective particle
density, ρeff, g cm−3

density difference,
Δρ, g cm−3b

volume-average particle
diameter, nm

PS-PB20 35.5 3.31 0.28 0.90 0.15 140 ± 10,c 163 ± 7c

PS-PEP28 34.0 2.25 0.29 0.91 0.16 118 ±15
PS-PEP35 32.5 1.57 0.31 0.92 0.17 117 ±10

aThese tabulated data were calculated by assuming (i) a perfectly monodisperse spherical core−shell morphology, (ii) a primary grain size of 74 nm
diameter for the carbon black particles, and (iii) the density of the steric stabilizer layer is equal to that of the pure solvent. bΔρ = effective particle
density − density of n-dodecane. cBimodal size distribution as judged by analytical centrifugation (Figure 8).

Figure 5. Langmuir-like adsorption isotherms obtained for the three
polystyrene-based diblock copolymers (PS-PB20, PS-PEP28, and PS-
PEP35) adsorbed in the form of well-defined micelles (obtained after
heating to 110 °C for 1 h) onto carbon black particles from n-
dodecane at 20 °C, as determined using a supernatant depletion assay
based on UV spectroscopy. Equilibrium adsorbed amounts (Γ) are
determined from the gradients of the corresponding linear plots for
these isotherms (Figure S2).
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carbon black surface for adsorption from cyclohexane at 20 °C.
On this basis, we had predicted that the highest-affinity
isotherm would be observed for the diblock copolymer with the
highest polystyrene content (i.e., PS-PEP35). However, both
the copolymer molecular weight and chemical nature of the
stabilizer block (PB or PEP) differ for all three copolymers
(Table 1), so it is difficult to examine the effect of varying the
polystyrene content under such circumstances. Presumably,
subtle differences in the structure of these copolymers (and
perhaps also the star-like character of the micelles) influence
their adsorption behavior.
The resulting sterically stabilized carbon black dispersions

were studied by TEM. Figure 6 shows representative images

obtained for (a) the pristine carbon black and (b−d)
dispersions stabilized using each copolymer in turn (at 10%
copolymer by mass based on carbon black). Significantly
smaller, more discrete carbon black particles are observed in the
presence of each copolymer than for carbon black alone.
Moreover, excess non-adsorbed micelles are observed for the
dispersion prepared using PS-PEP35 (inset in Figure 6d).
Inspecting the adsorption isotherms constructed for the three
diblock copolymers in Figure 5, we find that this copolymer
exhibited the lowest equilibrium adsorbed amount (Γ = 1.57 ±
0.06 mg m−2) and hence has a lower concentration threshold
for the presence of excess micelles in solution. In contrast, PS-
PEP28 and PS-PB20 each exhibit a stronger adsorption affinity
for carbon black, which means that excess micelles are not
present in solution under the same conditions.
Effective Densities of Sterically Stabilized Carbon

Black Particles. In order to assess the degree of dispersion of
sterically stabilized carbon black particles, analytical centrifuga-
tion has been used in combination with optical microscopy
studies.38 The latter technique is useful for assessing the
presence of micrometer-sized agglomerates but is not sensitive
to submicrometer-sized colloidal aggregates. In principle,
analytical centrifugation should be capable of reporting high-
resolution particle size distributions in the colloidal size range.

However, the effective particle density must be known
accurately for this technique since it is an essential input
parameter. One important question here is whether the same
effective particle density can be used regardless of the
copolymer type. Alternatively, do the subtle differences in
dimensions and adsorption behavior observed for the three
types of copolymer micelles examined herein necessitate
effective particle densities to be determined in each case?
Since sedimentation is proportional to the particle mass and
inversely proportional to the frictional force acting on the
particle (which is a function of the particle morphology and
size), the correct interpretation of sedimentation data requires a
knowledge of the density of the sedimenting particles, which
may be unknown for core−shell particles with solvated shells.
Furthermore, for core−shell particles comprising differing
densities for the core and shell components, it is known that
an inherent density distribution is superimposed on particle size
distributions determined by analytical centrifugation techni-
ques. In the case where the shell density exceeds the core
density, this leads to artifactual narrowing of the particle size
distribution.58 On the other hand, if the shell density is less
than that of the core, which is the case in the present study,
artifactual broadening of the particle size distribution is
expected. In principle, this problem can be addressed by
recalculating the true particle density for each data point of the
digitized particle size distribution. For example, Fielding et al.
reported a corrected particle size distribution obtained by disk
centrifuge analysis of well-defined core−shell polystyrene/silica
nanocomposite particles.58 However, given the relatively ill-
defined, highly fractal nature of the carbon black particles in the
present work, such a correction has not been applied in this
case.
For perfectly monodisperse spherical particles with a well-

defined core−shell morphology, Lascelles and Armes derived a
simple geometric relationship for the shell thickness, d, in terms
of the core radius, R, and the mass fractions, m1 and m2, and
densities, ρ1 and ρ2, of the core and shell components (eq 1).64
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Considering the relative volumes (V1 and V2) and mass
fractions (m1 and m2) of a two-component composite material
(in this case, core−shell particles) enables the calculation of a
composite particle density, ρcomp, using eq 2.
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In the context of the present study, subscripts 1 and 2 refer to
the carbon black core and copolymer micelle shell, respectively.
If it is assumed that (i) the density of the copolymer shell is
equal to that of the solvent (n-dodecane) and (ii) d
corresponds to the mean radius of the star-like micelles
calculated from SAXS analysis (Table 2), then a theoretical
effective particle density can be calculated for sterically
stabilized carbon black particles. However, we emphasize that
this approach is only an approximation since it assumes a
monodisperse spherical morphology for carbon black, which is
clearly not the case (Figure 6). In addition, it is assumed that
the star-like diblock copolymer micelles adsorb to form a hemi-
micelle at the surface of the carbon black particles whose mean
thickness is equal to that of the original micelle radius37 and

Figure 6. Representative TEM images for Regal 250R carbon black
particles in n-dodecane: (a) no copolymer, (b) PS-PB20, (c) PS-
PEP28, and (d) PS-PEP35. For b−d, 10% w/w copolymer based on
carbon black was used in each case. TEM grids were prepared by
allowing each copolymer dispersion to dry at 20 °C.
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that furthermore the density of this copolymer stabilizer shell
approximates to that of the pure solvent (which is 0.75 g cm−3

for n-dodecane at 20 °C). This situation is depicted
schematically in Figure 7.

Using eqs 1 and 2 in combination with the SAXS micelle
dimensions and carbon black primary grain size derived from
BET surface area analysis, effective particle densities of 0.90,
0.91, and 0.92 g cm−3 were calculated for sterically stabilized
carbon black particles prepared using PS-PB20, PS-PEP28, and
PS-PEP35 copolymer micelles, respectively (Table 2). Clearly,
these theoretical values are substantially lower than the solid-
state density of carbon black indicated by helium pycnometry
(1.89 g cm−3). This indicates that the mass fraction of the low-
density stabilizer shell (which can be approximated as
comprising pure solvent) is significantly larger (∼70%) than
that of the high-density carbon black cores (Table 2).
Stokes’ law can be used to calculate particle velocities for

such sterically stabilized carbon black particles in pairs of similar
solvents, such as n-dodecane and n-decane or n-dodecane and

deuterated n-dodecane.38 In principle, such particle velocities
can be used to calculate the effective particle density. However,
in practice this approach is not valid if the shell component
dominates the core component since the density of the solvent
shell necessarily varies with the nature of the solvent, which in
turn leads to significantly different effective particle densities. In
view of this technical problem, approximate effective particle
densities were instead calculated purely on the basis of
geometric considerations.
Particle size analysis via analytical centrifugation using the

LUMiSizer instrument utilizes eq 3.
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Here x is the particle diameter, ηF is the viscosity of the spin
fluid, ρP is the density of the sedimenting particles, ρF is the
density of the spin fluid (in this case, n-dodecane), ω is the
angular velocity, t is the sedimentation time, rm is an arbitrary
(fixed) position of the measurement of light transmission, and
r0 is the position of the solvent meniscus.
The form of eq 3 (or more specifically, the density difference

term, ρP − ρF) indicates that huge errors (∼300%) are incurred
if the solid-state density of carbon black is erroneously used as
an input parameter for determining volume-average particle size
distributions via analytical centrifugation. This important point
is emphasized in Figure 8, which shows the apparent and actual
volume-average particle size distributions determined for the
three types of sterically stabilized carbon black particles using
(a) the density of carbon black alone and (b) the effective
particle densities calculated using eqs 1 (see Table 2) and 2. In
the former case, the particle size distributions are clearly too
low since the volume-average diameter is less than the primary
grain size of the carbon black particles (74 nm as judged by
BET surface area analysis and confirmed by TEM studies). In
contrast, physically reasonable volume-average diameters
(117−140 nm) are obtained when using effective particle
densities that account for the relatively high degree of solvation
for such particles.

Figure 7. Schematic representation of the sterically stabilized carbon
black particles for which the effective particle density, ρeff, is calculated
using simple geometric considerations based on the micelle
dimensions as determined by SAXS (Tables 1 and 2). In reality,
these carbon black particles exhibit a fractal morphology rather than
the spherical core−shell morphology shown here.

Figure 8. Particle size distributions obtained via analytical centrifugation analysis of 1.0% w/w carbon black particles dispersed in n-dodecane at 20
°C with the aid of the three diblock copolymers used in this work (PS-PB20, PS-PEP28, and PS-PEP35). Volume-average diameters are calculated
(a) using the solid-state density of carbon black (which leads to large experimental errors) and (b) using theoretical effective particle densities (Table
2). In each case, 6.0% w/w copolymer was utilized on the basis of the mass of carbon black. Instrument conditions: 3000 rpm for 166 min.
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The effect of varying the solvated stabilizer layer thickness
(d) on the density difference (Δρ) between the particles and
the solvent for sterically stabilized carbon black particles
dispersed in n-dodecane at 20 °C is plotted in Figure S3. This
relationship was calculated using eqs 1 and 2 by assuming (i) a
perfectly monodisperse spherical core−shell morphology, (ii) a
primary grain size of 74 nm diameter for the carbon black
particles, and (iii) that the density of the steric stabilizer layer is
equal to that of the pure solvent. Although changes in Δρ are
particularly large for relatively thin stabilizer layers (<10 nm), it
is noteworthy that the density difference (Δρ) remains quite
sensitive to the solvated steric stabilizer layer thickness within
the range of interest (32.5−35.5 nm, see Table 2). This
highlights the importance of calculating accurate effective
particle densities for such sterically stabilized carbon black
dispersions.
Effect of Diblock Copolymer Composition on Carbon

Black Dispersion Stability. It is perhaps worth mentioning
that, despite the comparable dimensions of the copolymer
micelles in solution (Table 1), their differing adsorption
behavior (Figure 5) leads to subtle differences in the effective
particle density for the corresponding sterically stabilized
carbon black particles (Table 2). However, the volume-average
particle size distributions obtained for these dispersions are
broadly comparable (Figure 8). This indicates that each diblock
copolymer leads to a similar degree of dispersion for carbon
black in n-dodecane at 20 °C. Hence, all three copolymers are
expected to be useful dispersants for diesel engine soot in
engine oils.

■ CONCLUSIONS
Three near mono-disperse polystyrene-based diblock copoly-
mers each form large, ill-defined polydisperse colloidal
aggregates when dissolved directly in n-dodecane at 20 °C.
However, a single heating cycle (110 °C, 1 h) breaks up such
aggregates, leading to the formation of well-defined spherical
micelles on cooling to 20 °C. Variable-temperature 1H NMR
studies conducted in d26-dodecane are consistent with these
observations, since partial solvation of the core-forming
polystyrene chains is observed above 65 °C. Dynamic light
scattering studies also confirmed a gradual reduction in the
intensity-average diameter at higher temperature for all three
diblock copolymers, followed by the formation of small near
mono-disperse micelles on cooling to 20 °C. The adsorption of
such micelles onto carbon black particles, which serve as a
convenient mimic for diesel soot, was quantified using a
supernatant depletion assay based on UV spectroscopy.
Maximum adsorbed amounts, Γ, corresponding to micelle
monolayer formation, were determined to be 3.31, 2.25, and
1.57 mg m−2 for PS-PB20, PS-PEP28, and PS-PEP35. Thus,
increasing the mole fraction of the polystyrene anchor block
actually leads to weaker micelle adsorption at the surface of the
carbon black particles.
Assuming a spherical core−shell morphology, effective

particle densities were calculated for the three types of sterically
stabilized carbon black particles using (i) the micelle
dimensions derived from SAXS and (ii) the primary grain
size of the carbon black determined by BET surface area
analysis. This approach yielded effective particle densities of
0.90, 0.91, and 0.92 g cm−3 for the sterically stabilized carbon
black particles prepared using the PS-PB20, PS-PEP28, and PS-
PEP35 diblock copolymers, respectively. Thus, although these
three copolymers form micelles in n-dodecane with rather

similar dimensions, each copolymer actually leads to a subtly
different effective particle density, which is always substantially
lower than the solid-state density of carbon black (1.89 g
cm−3). Since the rate of sedimentation of the sterically
stabilized carbon black particles depends on the density
dif ference between the effective particle density and the n-
dodecane solvent (density = 0.75 g cm−3), substantial errors
can be incurred in analytical centrifugation studies unless
appropriate care is taken to determine an accurate effective
particle density. This is important because analytical
centrifugation is a highly convenient technique for assessing
the relative degree of dispersion of sterically stabilized carbon
black particles by comparing their volume-average particle size
distributions. Overall, this study has enhanced our under-
standing of the performance of three commercial diblock
copolymers when employed as diesel soot dispersants in engine
oil formulations. Given the wide range of applications for
sterically stabilized carbon black dispersions, our results are
likely to have broader implications.
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